Summiilary. Enzymes involved in malic acid production via a pathway with 2 carboxylation reactions and in malic acid conversion via total oxidation have been demonstrated in mitochondria of Bryophyllurn tutbiflorumn Harv. Activation of the mitochondria by Tween 40 was necessary to reveal part of the enzyme activities. The temperature behaavior of the enzymes has been investigated, revealing optimal activity of acid-producing enzymes at 350. Even at 530 the optimum for acid-converting enzymes was not yet reached. From the simultaneous action of acid-producing and acid-converting enzyme systems the overall result at different temperatures was estajblished. Up to 150 the net result was a malic acid prodduction. Mloderate temperattures brought about a decrease in this accumulation, which was partly accompanied by a shift to isocitrate production, while at higher temperatures total oxidation of the acids exceeded the production. (21, 22, 24) and P-enol(pyrtuvate carboxylase has been stuggested as catalyzing the CO., fixatioin. The oxaloacetic acid produiced can be converted to malic acid by malate dehydrogenase, which was also demonstrable in the leaf extracts. A second carboxylation reaction in the acid-synthesizing pathway was proposed on the basis of the constant labeling of malic acid, produced by leaves in 14CO9 (6). The ratio of radioactivity fotund in carbon-4 to that in carbon-I was constantly 2:1 tunder a great variety of conditions, while the labeling of carbon-2 and carbon-3 could never be detected. This was explained by assuming an acid synthesis via carboxylation of ribulose 1,5-di,P to glvcerate 3-P, followed by conversion of glycerate 3-P to P-enolpyruvate, a second carboxylation (resulting in oxaloaceti;c acid) and reduction to malic acid. This pathway implies participation of the oxidative pentose phosphate pathway, so that the following reaction sequence for acid production can be proposed: starch glucose 6-P --ribulose 1,5-diP glycer.ate 3-P P-enolpyruvate -* malate.
Summiilary. Enzymes involved in malic acid production via a pathway with 2 carboxylation reactions and in malic acid conversion via total oxidation have been demonstrated in mitochondria of Bryophyllurn tutbiflorumn Harv. Activation of the mitochondria by Tween 40 was necessary to reveal part of the enzyme activities. The temperature behaavior of the enzymes has been investigated, revealing optimal activity of acid-producing enzymes at 350. Even at 530 the optimum for acid-converting enzymes was not yet reached. From the simultaneous action of acid-producing and acid-converting enzyme systems the overall result at different temperatures was estajblished. Up to 150 the net result was a malic acid prodduction. Mloderate temperattures brought about a decrease in this accumulation, which was partly accompanied by a shift to isocitrate production, while at higher temperatures total oxidation of the acids exceeded the production.
Under nattural conditions green leaves of Crasstilaceae show a diurnal fluctuation in acid content, called Crassulacean Acid Metabolism. It con(cerns a rise in malic acid content at night and disappearance of this acid in the dayti,me. The considerable amouint of work done on this phenomenon has been reviewed by Ranson and Thomas (16) and Wolf (26) .
The most remarkable aspects of this kind of metaboli-,m are: 1) an inverse relationship between carbohydrate and malic acid content in the leaves, 2) low temperatures stimulate .he nightly accumulation of acid with an optimum around 100, while high temperatuires stimulate the disappearance of acid in daytime, 3) considerable CO, fixation accompanies acid production.
Regarding this last point, P-carboxylase activity has been demonstrated in Crassullacean leaf extracts (21, 22, 24) and P-enol(pyrtuvate carboxylase has been stuggested as catalyzing the CO., fixatioin. The oxaloacetic acid produiced can be converted to malic acid by malate dehydrogenase, which was also demonstrable in the leaf extracts. A second carboxylation reaction in the acid-synthesizing pathway was proposed on the basis of the constant labeling of malic acid, produced by leaves in 14CO9 (6) . The ratio of radioactivity fotund in carbon-4 to that in carbon-I was constantly 2:1 tunder a great variety of conditions, while the labeling of 1 Present address: Philips Research Laboratories, N. V. Philips' Gloeilamnpenfabrieken, Eindhoven, Netherlands.
carbon-2 and carbon-3 could never be detected. This was explained by assuming an acid synthesis via carboxylation of ribulose 1,5-di,P to glvcerate 3-P, followed by conversion of glycerate 3-P to P-enolpyruvate, a second carboxylation (resulting in oxaloaceti;c acid) and reduction to malic acid. This pathway implies participation of the oxidative pentose phosphate pathway, so that the following reaction sequence for acid production can be proposed: starch glucose 6-P --ribulose 1,5-diP glycer.ate 3-P P-enolpyruvate -* malate.
For acid conversion a role is attributed to the malic enzyme (22, 23) , which converts malate to pyruvate, followed by total oxidation of this product by the tricarboxylic acid cycle (7, 14) .
That the acid accutmulation is a result of the dominance o-f acid-synthesizing enzymes at low temperatures, while the acid decrease is a consequence of the fact that conversion exceecds production at higher temperatures was demonstrated by Bennet-Clark (3) Assays of glycerate 3-P were perfcrmed with deproteinized samples. These samples were neutralized with KOH and 2 ml of 0.25 ;M glycylglycine (pH 7.4) were added. The volumes were made up to 6 to 10 ml with water an(d appropriate amouints were analyzed in a me(lium containing in ,pmoles: tris ( pH 7.6), 100; -NADH, 0.3; ATP, 5; EDTA, 1; MgS,O4, 5; and 0.05 ml of a 1/1 (v/v) mixtuire of concentrated glyceral-dehyde 3-P dehydrogenase and phosphoglycerate kinase (Boehringer). The total volume was 3.0 ml and the temperature 20°. NADH oxidations were run for 20 mintutes and an almost quantitative estimation of glycerate 3-P was (18) , leakage is less with NaCl. It was concluded that the production of glycerate 3-P from ribose 5-P' proceeded via carboxvlation of ribulose 1,5-diP on basis of the following observations: A) using 14COo the molar ratio of produced glycerate 3-P to fixed CO2 Table II . Convcrsion of Glucose 6-P to Glvccratc 3-P Chloroplasts and mitochondria were isolated according to procedure I, except that 1 mmole EDTA. was added to all solutions. The assay medium contained in tmoles:
glycylglycine (pH 7.6), 100; MgSO4, 20; KHC03, 120; ATP, 10; cysteine (pH 7.5), 30; NADP, 2; GSSG (pH 7.3), 20; glutathione reductase, 600 units; glucose 6-P, 10; chloroplasts from 1.2 g of leaves or mitochondria from 1 g of leaves; and Tween 40 at a final concentration of 0.33 % (v/v). Total volume was 3.0 ml anid temperature 300. The reactions were stopped by adding 0.5 ml of 7 % perchloric acid, and protein was removed by centrifugation at 4000 g. Glycerate 3-P was determined in the supernatanit fractions as described in Having separately established the temperature properties of the enzymes which effect respectively synthesis and conversion of malate, it was interesting to record the results of both systems acting together. Therefore, with glycerate 3-P as precursor, acid synthesis was allowed to proceed at different temperatures and acid conversion was prevented by omitting NADP. Addition of NADP to this system allows conversion of malate, and an idea is obtained concerning the acid synthesis and its subsequlent conversion. The conversion of malate is assumed to comprise the production of pyrtivate and uiptake of this product in the tricarboxylic acid cycle. Thus the fate of pyruvate seems to be conversion to acetyl-CoA and condensation to citrate, aconitate and isocitrate. Further conversion again requires NADP, so that competition for NADP between malic enzyme and isocitrate dehydrogenase may occur. In vivo, glucose 6-P dehydrogenase and gluconate 6-P dehydrogenase may join the competition for NADP, for at the start of the nighttime acid accumulation a lot of starch is present and acid-synthesizing pathways may be saturated wi'th substrate. Addition of gltucose 6-P to the system may simulate the situation in vivo at the end of the day. The results with the 3 systems, obtained at different temperatures, are recorded in table IV: omit;ing NADP gives an impression of malate synthesis with glycerate 3-P, adding NADP and glucose 6-P simulates the situation in vivo in the afternoon, and adding only NTADP simulates the situation in the morning.
In all systems, increasing temperatures are accompanied by increased acid production, but the difference in malate accumulation between the systems without NADP and those with NADP increases at higher temperatures. In the systems with NADP and glucose 6-P an accumullation of isocitrate can be observed, owing to 4 enzymes In the late afternooin in vivo a situation occuirs Table IV . Production and Conversion of Malate, with GlAvccra!e 3-P as Pecuirsor MIitochondria were isolated according to procedure I, except that 1 mmole of EDTA was added to all solutions. Three series of 4 tubes were prepared, with a basic medium containing in urmoles: glycylglycine (pH 7. The whole series of reactions resulting in the diurnal change in malate content, comprising 2 carboxylation reactions in acid synthesis and acid conversion by total oxidation, may be performed by the mitochondria. The occurrence of the pentose phosphate pathway enzymes in mitochondria has been previously reported ( 13, 17) and arid growth conditions stimulate pentose phosphate pathway activities (1) . Localization of acid metabolism in mitochondria can be imagined by conversion of starch into glucose monophosphate in the chloroplasts and transport of the hexose to the mitochondria (11).
Accepting the localization of acid metabolism in the mitochondria, it is difficult to imagine storage of the accumulated malate in these particles.
Although Gamble (10) reported accumulation of malate and citrate in rabbit liver mitochondria, this cannot account for 70 ,moles per g of leaves, and a better explanation at this moment seems to be transport of the malate away from the mitochondria. Lips and Beevers (12) provided evidence for a cytoplasmic and a mitochondrial pool of malate in corn root cells. In leaf cells of Kalanchoe, rapid transport of malate to a storage pool and slow transport to a metabolically active pooi have been postulated at low temperatures (5) . So at this moment acid accumulation in Crassuilaceae at low night-time temperatures can be accotunted for by the transport of carbohydrates to the mitochondria, dominance of acid-synthesizing enzymes, and rapid transport of the produced malate to a storage pool. Acid consumption at high temperattures in daytime involves a rapid transport of the stored malate to the mitochondria and total oxidation of the malate by strongly stimulated activities of the malic enzyme and the tricarboxylic acid cycle, these activiities being stimulated moreover by photosynthetic 02 evoluition and CO, fixation within the cell.
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